dithiepine-2,6-dione under thermal or photochemical conditions. All complexes exhibit reversible oxidation and reduction waves to the cation and anion form, respectively. The terminal groups (X) in the seven-membered ring shift their redox potentials to anodic potentials in the following order: CF 2 Ͼ C=O Ͼ S Ͼ C=CH 2 Ͼ CH 2 . The singlet EPR responses
Introduction
(Dithiolene)nickel complexes are currently being extensively investigated from the viewpoint of optical, [1] magnetic, [2] and conductivity studies. [3] Most of these studies involve square-planar bis(dithiolene) complexes, [4] although several mono(dithiolene)nickel complexes formulated as [Ni(dithiolene)L 2 ] have been described where L is an imine or a phosphane.
[5] Heteroleptic complexes involving dithiolene and η 5 -cyclopentadienido (Cp) ligands are also known with various Cp/dithiolene ratios and different metal centers. [6] Among them, different series of paramagnetic complexes such as the d 1 cation [Cp 2 Mo(dithiolene)] + have shown a wide variety of magnetic behaviors, ranging from uniform spin chains to spin ladders or antiferromagnetic ground states. [7] In this respect, the half-metallocene (dithiolene)nickel complexes formulated as [CpNi(dithiolene)] are particularly attractive since they are neutral radical (S = 1/2) species. We have recently investigated the synthesis and electronic properties of a variety of such [CpNi(dithiolene)] complexes, which are characterized by very attractive features such as a strong NIR absorption or a highly delocalized spin density.
[8] Among them, [CpNi(S 2 C 2 R 2 )] complexes bearing simple substituents (R = CN, COOMe, CF 3 , 5012 of [CpNi{S 2 C 2 S 2 (CH 2 ) 2 (X)}] appear at g ≈ 2.0514-2.0529 in dichloromethane solution at room temperature. An NIR absorption is observed at λ max ≈ 798-848 nm (ε ≈ 1700-2400 M -1 cm -1 ) in dichloromethane solution. The X-ray structures of the five complexes show two-legged piano-stool geometries around the central nickel atom (formally Ni III ) and strong distortions from planarity of the seven-membered C 2 S 2 (CH 2 ) 2 X rings. In the solid state, those radical (S = 1/2) species adopt either one-dimensional alternating chain-like motifs (X = CH 2 , C=CH 2 , S) or dimeric entities characterized by a singlet-triplet magnetic behavior (X = CF 2 [8b] Complexes involving 1,2-dithiolato ligands fused with five-membered rings, such as [CpNi(dmit)], [9] [CpNi(dmid)], and [CpNi(dsit)] (dmit = 1,3-dithiol-2-thione-4,5-dithiolato; dmid = 1,3-dithiol-2-one-4,5-dithiolato; dsit = 1,3-dithiol-2-thione-4,5-diselenolato) exhibit a set of three-dimensional intermolecular interactions in the solid state that stabilize an ordered 3D antiferromagnetic ground state. [8a] We also recently reported the CpNi(dithiolene) and -(diselenolene) complexes fused with a six-membered ring such as benzene, 5,6-dihydro-1,4-dithiine, or 5,6-dihydro-1,4-diselenine rings, as in [CpNi(dddt)], [CpNi(dsdt)], [CpNi(ddds)], [CpNi(bdt)], and [CpNi(bds)] (dddt = 5,6-dihydro-1,4-dithiine-2,3-dithiolato; ddds = 5,6-dihydro-1,4-dithiine-2,3-diselenolato; dsdt = 5,6-dihydro-1,4-diselenine-2,3-dithiolato; bdt = 1,2-benzenedithiolato; bds = 1,2-benzenediselenolato).
[8c] Efficient synthetic methods were developed, and structural and magnetic investigation revealed, besides the recurrent dithiolene/dithiolene interactions, an original antiferromagnetic interaction mediated by Cp···Cp overlap. We wanted to further develop these attractive series by also investigating nonplanar dithiolate ligands as the added flexibility in the dithiolene ligand could provide novel association patterns in the solid state for such neutral radical complexes. We report here the synthesis and electronic, structural, and magnetic properties of five paramagnetic complexes formulated as [CpNi{S 2 C 2 S 2 (CH 2 ) 2 X}] (X = CH 2 , CF 2 , C=CH 2 , S, and C=O).
Square-planar bis(dithiolene)nickel complexes have been described with such dithiolato ligands fused with a C 2 S 2 (CH 2 ) 2 X seven-membered motif, all of which exhibit strong distortions from planarity, as reported for X = CH 2 , [10] CF 2 , [11] C=CH 2 , [12] and S. [13] We wanted to investigate how those distortions might modify the electronic absorptions, crystal structures, and solid-state properties of the radical [CpNi(dithiolene)] complexes. Within this series, the dithiolato ligands where X = CF 2 and S can be considered as isosteric, as are those where X = C=CH 2 and C=O. It is therefore interesting to compare their solid-state structures to evaluate the precise role played by every X moiety in the definition of the pertinent intermolecular interactions that control their organization in the solid state. We report here the syntheses, structures, and properties of these novel complexes, which will be referred to as follows according to the nature of X: [CpNi(CH 2 2 ]. [14] Accordingly, we performed the reaction of the 1,3-dithiol-2-one 1 with 0.5 equiv. of [CpNi(CO)] 2 at 110°C for 6 h to obtain [CpNi(C=O)] in a slightly improved yield of 15 %. Note that 1,2-dithioketones have been postulated as plausible intermediates in these thermal and photochemical reactions of 1,3-dithiol-2-ones. [15] All five complexes are air-stable compounds that are soluble in typical organic solvents (dichloromethane, toluene, acetone, and thf). Their solubility decreases upon addition of n-hexane.
In the reaction shown in Scheme 1, some mono(dithiolene)nickel oligomers, formulated as [Ni{S 2 C 2 S 2 (CH 2 ) 2 -(X)}] n (X = CH 2 , CF 2 ), were obtained as by-products (4-5 % yields). The by-products were identified as hexamers (n = 6) by TOF mass spectrometry. [16] The other oligomers (X = C=CH 2 , S) could not be isolated by column chromatography as their solubility is too low. We consider that this dithiolene transfer reaction using [Ni(dithiolene) 2 ] is different from that using (R 4 N) 2 The nature of the terminal X group in the seven-membered ring shifts their redox potentials to anodic potentials in the following order:
A similar tendency is also found for the redox potentials Table 2 . Redox potentials (vs. Fc/Fc + ) of CpNi(dithiolene) complexes.
[a]
[ [CpNi(dmit)] -0.72 - [b] 100 +0.28 - [b] 100 [8c] [CpNi(mnt)] -0.64 - [b] - [b] +0.79
[c]
- [b] - [b] [8b] 
The EPR spectra of the five complexes were measured in dichloromethane solution at room temperature. Singlet signals were found for [CpNi(CH 2 These g values are almost identical to those of the other CpNi(dithiolene) complexes (g = 2.041-2.054), [8] and are smaller then those of the CpNi(diselenolene) complexes (g = 2.088-2.095).
[8c] Note also that the g values of the isoelectronic (17-electron) cobalt complexes [CpCo(tfd)]
-(g = 2.454) [18] and [CpCo(mnt)] -(g ≈ 2.5) [19] are larger, thus demonstrating that the 17-electron Co(dithiolene) complexes have a large spin contribution on the metal center (formal Co II ), while the spin density of the nickel complex is largely delocalized on the ligands.
[8]
The UV/Vis/NIR absorption spectra ( Figure 2 ) exhibit a characteristic NIR absorption centered at ca. 800-850 nm. Their maximum absorption wavelengths (λ max ) and molar absorption coefficients (ε) are summarized in Table 3 . Interestingly, the λ max evolution with the nature of X follows the electrochemical series identified above, with the lowest energy absorption observed with the most electron-rich dithiolato ligands. 
Solid-State Structural and Magnetic Properties
X-ray structure determinations were performed for the five new CpNi(dithiolene) complexes, which are not isostructural despite their closely related molecular structures: Table 6 ; θ 1 is the dihedral angle [°] between the Cp and NiS 2 mean planes, θ 2 represents the small folding of the metallacycle along the S···S hinge, and θ 3 the large folding of the seven-membered ring along the S···S hinge. 7 species, the evolution of the bond lengths within the dithiolato ligand gives an indication of its contribution to the SOMO (singly occupied molecular orbital) of the complexes. Indeed, the two-electron oxidation of the dithiolato ligand leads to the corresponding dithioketone species, thus implying that partial oxidation of this ligand results in a shortening of the C-S bonds and associated lengthening of the C=C bond of the metallacycle. The fact that these trends are more marked in the [CpNi(dithiolene)] com- plexes than in the corresponding square-planar bis(dithiolene) ones clearly indicates a stronger participation of the dithiolato ligand in the SOMO. These complexes adopt typical two-legged piano-stool geometries. The dihedral angle θ 1 between the Cp and NiS 2 mean planes (see Figure 3) is close to 90°, a geometry comparable to that of 16-electron CpCo III , [20] CpRh III , [21] CpIr III , [22] and (η 6 -arene)Ru II[23] dithiolene complexes. The NiS 2 C 2 metallacycle is not perfectly planar but is slightly folded along the S···S hinge with θ 2 values of between 2 and 8°, as is also observed with the complexes with dithiolato ligands fused with rigid five-(dmit, dmid) or six-membered (dddt, bdt) rings.
[8] Furthermore, the dihedral angles (θ 3 in Figure 3 ) between the C1-C2-S3-S4 and S3-S4-C3-C5 mean planes are found in the range 61-67° (Table 5) .
The solid-state organization of the complexes differs strongly from one to the other. Considering that these molecules are radicals (S = 1/2), with the spin density largely delocalized on the nickel atom, the dithiolene ligand, and the cyclopentadienido ring,
[8c] their crystal structure can be analyzed in the light of possible paths for direct exchange magnetic interactions based on short contacts between the sulfur atoms of the dithiolene ligands and eventually between the Cp rings. Applying this procedure to the parent [CpNi(CH 2 )] complex first reveals ( Figure 5 ) that the only short intermolecular contact involves the sulfur atoms of the metallacycles, affording chains running along the c-axis with two similar S···S intermolecular distances of 3.80 and 3.83 Å.
www.eurjic.org As shown in Figure 6 , a similar chain motif is also identified in [CpNi(C=CH 2 )], which gives rise, for symmetry reasons, to a uniform chain structure with equivalent S···S distances of a slightly shorter 3.75 Å.
On the other hand, a projection view of [CpNi(S)] along the b-axis of the structure (Figure 7) does not reveal any short intermolecular contacts; the metallacycles are almost perpendicular to each other and the shortest S···S intermolecular distance of 4.0 Å involves the sulfur atom of the thioether moiety. All other S···S contacts exceed 4.5 Å.
However, looking at the stacking of the radical complexes in the perpendicular direction (along the monoclinic It is therefore expected from this structural analysis that [CpNi(S)] most probably experiences weaker antiferromagnetic interactions than the other two derivatives, as indeed observed from the temperature dependence of their mag-netic susceptibility. As shown in Figure 9 , all three exhibit a smooth maximum at low temperatures, characteristic of a Bonner-Fischer-type behavior of a Heisenberg uniform chain. [24] The molar susceptibility can be properly fitted in the whole temperature range (2-300 K) to the expression χ = χ 0 + (1 -ρ)·0.375/T + ρ·χ BF , where χ 0 is a temperatureindependent value, (1 -ρ)·0.375/T (χ C ) represents a contribution of paramagnetic defaults (Curie tail), and ρ·χ BF is the contribution of the uniform chain; this also takes into account the g value of the different complexes determined from the solution EPR measurements (see above The situation is completely different in the two other complexes, thereby illustrating the flexibility and adaptability of these series. As shown in Figure 10 , [CpNi(CF 2 )] molecules are organized into layers perpendicular to the caxis.
Within these layers, inversion-centered dyadic motifs are identified, which are most probably stabilized by two, almost linear, C-H···F hydrogen bonds (Figure 11 ). Similar C-H···F hydrogen bonds, although weak, have been shown to play a crucial role in halogenated molecules in the solid state. [25] Their geometrical characteristics [H···F = 2.508 Å, C(-H)···F = 3.430(6) Å, C-H···F = 171.5°] compare favorably with those described, for example, in p-difluorobenzene, whose H···F distances have been reported to be 2.49 Å, [26] as well as in several tetrathiafulvalene derivatives incorporating the very same seven-membered motif. [27] This dyadic motif, with the CH 2 CF 2 CH 2 moiety bent away from the neighboring molecule, allows for an almost perfect eclipsed overlap between the planar C 2 S 4 moieties of both complexes, although with large S···S distances of (Figure 12 ) confirms this analysis and the associated singlet-triplet behavior. Indeed, the susceptibility goes through a maximum upon cooling and decreases abruptly, as expected for a singlet ground state. It can be properly fitted to the expression χ = χ 0 + (1 -ρ)·0.375/T + ρ·χ ST , where χ 0 is a temperature-independent value, (1 -ρ)·0.375/T the contribution of a small fraction of Curie-type magnetic defaults, and ρ·χ ST the contribution of the dyads with:
This affords a J CF 2 /k value of -11.9(1) K (8.3 cm -1 ) with a Curie tail contribution of 3 % of S = 1/2 magnetic defaults, thus demonstrating that at S···S distances of ca. 4 Å the overlap interaction is indeed very weak, as already noted above in the chain behavior of [CpNi(S)]. In [CpNi(C=O)], a similar singlet-triplet behavior is observed, although with much stronger interactions since the fit of the magnetic data, performed as described above for [CpNi(CF 2 )], affords a J CO /k value of -50.6(4) K (35.2 cm -1 ), together with a Curie tail contribution of 2.3 % of S = 1/2 species.
A projection view of the unit cell of [CpNi(C=O)] is shown in Figure 13 . A close observation of the solid-state organization in the structure of [CpNi(C=O)] also shows the presence of inversion-centered dyadic motifs (Figure 14) , with a complex set of S···S short distances between 3.69 and 4.02 Å within columns of dyads running along the b-axis. Such a magnetic system is related to spin ladder systems with a singlet state as ground state, as also observed experimentally from the temperature dependence of the susceptibility. However, no analytical model is available to fit the behavior of such a complex interaction network. Therefore, the singlet-triplet fit described above can only be considered as an estimation of the strongest interaction. 
Conclusions
The regular evolution of the electrochemical and absorption properties experimentally observed here in solution with the order CF 2 Ͼ C=O Ͼ S Ͼ C=CH 2 Ͼ CH 2 offers an attractive series, particularly when it comes to evaluating the origin of the NIR absorption band in these complexes. Theoretical calculations are under way to determine the nature of the transitions involved in this absorption band. The diversity of structural and magnetic behaviors encountered in this isosteric series of radical complexes demonstrates that the nature of the terminal group has a strong influence on the solid-state organization, which complements earlier observations. Indeed, while the S/Se substitution in the metallacycle was found to afford isostructural compounds as in the dithiolene/diselenolene pairs [CpNi(dmit)] vs. [CpNi(dsit)], [8a] [8c]
More generally, the strong folding of the dithiolato ligand in the five complexes hinders the face-to-face overlap on the ligand, thus favoring one-dimensional spin chains through side-by-side interactions between sulfur atoms of the metallacycles.
Experimental Section
General Remarks: All reactions were carried out under argon by means of standard Schlenk techniques. All solvents for chemical reactions were dried and distilled from Na/benzophenone (for toluene) or CaH 2 (for methanol) before use. The square-planar (dithiolene)nickel complexes [Ni(pddt) 2 ], [10] [Ni(F 2 pddt) 2 ], [11] [Ni(dpdt) 2 ], [12] and [Ni(dtdt) 2 ] [13] were synthesized according to literature methods. [28] and [Cp 2 Ni](BF 4 ) [29] were also prepared according to literature methods. [ 
CV Measurements:
All electrochemical measurements were performed under argon. Solvents for electrochemical measurements were dried over molecular sieves (4 Å) before use. A platinum wire served as a counter electrode, and the reference electrode (Ag/ AgCl) was corrected for junction potentials by being referenced internally to the ferrocene/ferrocenium (Fc/Fc + ) couple. A stationary platinum disk (1.6 mm in diameter) was used as working electrode. A Model CV-50W instrument from BAS Co. was used for cyclic voltammetry (CV) measurements. CVs were measured in 1 m dichloromethane solutions of complexes containing 0.1  tetrabutylammonium hexafluorophosphate (Bu 4 NPF 6 ) at 25°C. EPR Measurements: EPR spectra were recorded with a Bruker ESP 300 spectrometer (X-band) equipped with a variable-temperature attachment from 1 m dichloromethane solutions of complexes. Optimizations and simulations of the frozen solution spectra were carried out with a program, based on the Levenberg-Marquardt least-squares fit, which compares the position of the experimental resonance lines with those calculated by second-order perturbation theory.
X-ray Diffraction Studies:
Single crystals of [CpNi(dithiolene)] complexes were obtained by recrystallization from dichloromethane solution and then vapor diffusion of n-hexane into these solutions. A crystal was mounted on the top of a thin glass fiber. Data were collected with a Stoe Imaging Plate Diffraction System (IPDS) with graphite-monochromated Mo-K α radiation (λ = 0.71073 Å) at room temperature. Structures were solved by direct methods (SHELXS-97) and refined (SHELXL-97) [30] by full-matrix least-squares methods, as implemented in the WinGX software package. [31] Absorption corrections were applied. Hydrogen atoms were introduced at calculated positions (riding model), included in structure factor calculations, and not refined. Crystallographic data of complexes are summarized in Table 6 
